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{; ABSTRACT

In this paper diagnostics of the zonally-averaged global circulation
in both isobaric and isentiopic coordinates are presented. Although diagnos-
tics for the entire FGGE year have been computed, only the res&Its for
January, April, July and October will be shown. The discussion focuses pri-
marily on January or the Northern Hemisphere winter circulation. After a
brief discussion of the data processing procedures the isobaric and isentropic
mass circulations are compared. The meridional distribution of zonally-
averaged diabatic heating is calculated indirectly from the isentropic
meridibnal mass circulation. In the final portion of the results diagnostics
of relative angular momentum transport in isobaric and isentropic coordinates

are contrasted and the forcing of mean meridional circulations is briefly

discussed.
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| ‘ THE MASS AND ANGULAR MOMENTUM BALANCE OF THE
: ) ZONALLY-AVERAGED GLOBAL CIRCULATION
‘ . , Ronald D, Townsend and Donald R. Johnson
University of Wisconsin-Madison
f 1. Introduction

A primary objective of atmospheric gene:ril circulation research dur-
ing the past three decades (e.g., Lorenz, 1967; Newell et al., 1970; Starr,
1966; Oort and Rasmusson, 1970; and others) has been to identify physical
processes associated with the forcing and maintenance of the zonally-averaged
global circulation. Investigators have explained the zonally-averaged global
circulation and associated transports of mass, angular momentum, and energy as

a response to differential heating and rotation. Virtually all general circu-~

lation research has been conducted in isobaric coordinates. However, exten—
sive research in isobaric coordinates hni failed tc isolate mean circulations
directly associated with planetary scale heat sources and sinks. Both the
Hadley and Ferrel circulations are restricted in meridional extent from that
expected from thermodynamic considerations and their maintenance depends in
large part on the eddy transports of angular momentum and sgensible heat
(Lorenz, 1967).

Alternatively, Johnson and Dutton (see Dutton, 1976; pages 423-429)

ke i Y

first suggested that a thermally-forced, Hadley-type meridional circulation

ke ¥

v spanning a hemisphere occurs within the iuantropicul sonally-averaged circu~-
lation. Limited research in isentropic coorvdinates (Henderson, 1971; Zillman,
1972; Callimore, 1973; and Otto, 1974) has fostered the development of an
fsentropic perspective of the general circulation which is intriguing and in

i i nany ways different from the fsodaric perspective. The data set generated

_during the Pirst GARP Glodal Experiment (PGGE) provides & unique moréuntey
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to investigate the planetary scale circulation in isobaric and isentropic
coordinates.

In tﬁio paper diagnostics of the zonally-averaged global circulation
in both isobaric and isentropic coordinates are presented. Although diagnos~
tics for the entire FGGE year have been computed, only the results for
January, April, July and October will be shown. The discussion focuses pri-
marily on January or the Northern Hemisphere winter circulation. After n.
brief discussion of the data processing procedures the isobaric and isentropic
mass circulations are compared. The meridional distribution of =zonally-
averaged diébatic heating is calculated indirectly from the isentropic
meridional mass circulation., In the final portion of the reiults diagnosticc.
of relative angular mbnentum transport in isobaric and 1sentfop1c coordinates
are contrasted and the forcing of mean meridional circulations is briefly dis-

cussed.

Data processing

a. Isobaric and isentropic data

The dats set used in this study is the FGGE Level I1Ia data set gen~-
erated by the United States National Meteorological Center (NMC) and obtained
through the National Center for Atmogpheric Research. The characteristics of
the Level IIla data set and NMC's optimum interpolation global data assimi-
lation system are fully described by MMC's Staff Atmospheric Analysis Braach

(1979), Fleming et al. (1979a and 1979b), Bergmsn (1979). and lh!h.raon..t al.
(1979). |




.-

2 The isobaric data consists of twice daily global analysis fields for

o the 12 mandatory pressure levals from 1000 md to 50 mb on a 2.5°

latitude/longitude grid covering the period December 1978 through Novesber

1979. Parameters extracted directly from the Level IIIa analyses include
5 g : sonal (u) and meridional (v) wind components, temperature (T), geopotential

height (=), and surface pressure.

R 7 oy i LA R Y 7 e 4 TR T

Global isentropic fields are generated from the igobaric analyses by

& vertical interpolation under the assumption of a linear variation of the

pressure {(p) and other parameters with ol/x (o 1s poteatial temperature and

x is the gas constant for dry air (Rq) divided by the specific heat at con-

stant pressure (cp)). Gridded fislds of pressure, the horizontal wind compo- (

nents and the Montgomery stream function (yy) are produced at 16 isentropic

levels with 10 K vertical resolution. The vertical extent of the isentropic

dats may vary from Northern to Southern l!oniapheru and month to month since

the data is ptoceued by hemisphere and the 16 levels aralyzed depend expli-

citly on the ainimum surface potential tewperature sbhserved during the month.

The niniasum vertical extent of the isentropic analyses for any given observa-

tion time is 370 K. Thus some figures may show nothing above 370 K for a

given hemisphere because of this limitatfon.

The generalized transport equation for any property per unit mass f
(Johnson and Downey, 1973a) is upricud by

) ) én at v
s:_; (pInf) + Ve (pdnUf) + P (o = £) = ody = Q)

where ¢ is the density, J, is the Jascobian 32/dn of transformation from the
verticsl coordinate s to n , and U fs the horisontal veloeity. The quastity

-
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pJnf_il the property within an incremental volume element AA An while the sub~

stantial derivative dn/dt in combination with pJnf defines the vertical flux

through quasi~-horizontal surfaces of constant n . This form of the transport

equation depends on the use of the meteorological convention of projection of

fields from quasi-spherical surfaces of constant n onto their counterpart

spherical a7!fncea of constait z.

The zonally-averaged transport equation is

A A

2 12 " ) dn n
a—t_. (p]n ) + ———— pJ“va cos 0) + ;'-‘- (pJn — ) - pJn a— (2)
n

a cos ¢ 3¢ dt de

where a is the earth's radius and the zonal average operator and its deviation

are defined for any quantity g by

This form of the zonally-averaged transport equation for the circumpolar vor-

tex provides a basic definition of the balance of a property within the closed

differential tube of cross-sectional area A¢ An that extends zonally along

constant latitude as suggested by Figure 1. The balance in (2) is between the

tendency of the property within the zonal tube, the net nnriéionni and verti-

cal transport of the property through the surfaces of the differential tube,

and the sources and sinks Within.




The zonal mass-weighted average, the only operator which properly

defines the mean property of the zonal tube, and its deviation are

oJ’nfA
<f>x--__—_—- (4)
px
n
£ = £ - <A .
With the hydrostatic assumption zonally-averaged mass is given by
1 3p
PTAe - 2L 5
PIn g an ’ (5)

where g 1s gravity.
Note that in hydrostatic isobaric coordinates with pJ, constant (1/g) the
zonal mass-~weighted average reduces to the conventional zonal isobaric
average

KA =« T (6)
Thus the averaging operatoi in (4) is applicable to doth coordinate systems.

Similarly, to properly account for the tendency of pJ, and £, the

tise mass-weighted average of f and its deviation are defined by

™

i
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where the time average of g over the period T and its deviation are

i g T o e

) B §
8 = - [ ga (8)
T 0

gt = g-%t )

Again <g>t reduces to gb in hydrostatic isobaric coordinates.
A time and zonal mass-weighted average of f through the combination

of (4) and (7) is defined by

- .t
a— A
pJ,,fMt pIn<e>
KAt - —— - — 9

With mass symmetry of isobaric coordinates, (9) reduces to the familiar time

and space average, fAst .

T R S A

3 The mass balance

ae Isobaric mass circulations

o Nt e g b e, -+ enr s coees ek

The mean mass circulations will bc presented through the use of a
h mass stresm function (e.g., Oort and Rasmusson, 1970). The isobaric mass

stresa function is computed from vAst by

RIS WUp JONI ¥ SO W S

2va cos ¢ f
Psate

"(‘:P) . - Vot dp 10)

shere ¢ is latitude, a 1is the earth's radius, and pge. is surface pressure.

¢
. -
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%0 net Wess. £low is allowed aetm lstitude circles Mz ‘the Wt Mﬂﬁ
from the mh'a mﬁm to 50 mb. !n Ml this a&mm 1.'
to a correction of less t;hm 0.25 m o~1 to Vst at each lavel for any am
latitude and sonth. | | |
The isobaric mass circulation for January 1919 in Figure & bast~
cally consfatent with the results of previous investigations (to:ott T
m.m, 1970). The strong Northern Mspluu Hulley cell exte .. | f:u _
30°N to 15°S is the dominant !utm. Although not evident 1a the ﬁguu. he
meximum values of VAst for the upper and lower branches of this Mcy il
are 1.4 m s~] and -l2'n s-1, respactively. A weaker Southern Mcmu
lullcy cell 1is locctul between 15'8 and 30‘5. : Indimt rctul eenn oceur in
the atd-lstitudes of both huuptmm. The equanomrd aod polevard branches
of tha Northern Hemisphere Perrel ei.mhﬁm atuﬁn velocities of -0.1 : n
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Thé seasonal and hemispheric variation of the mass circulation
reflects the variation of the zonally-averaged meridional motion (not shown in
the figures). The maximum absolute values for the upper branch of the Hadley
cells range from 1.0 m s~ in April and October to 1.8 m s=1 in July while in
the lower branch vA»t reaches a maximum of 2.2 m s~! in July. The mean
meridional felocities of the upper and lower branches of the Ferrel circula-
ticns are 7étween ~1.0 and 1.0 m s~! 1n all months. In the lower branch of
the Southern Hemisphere Ferrel cell the maximum of the poleward motion ranges
from -0.5 m s~! 1n October to near -0.9 m s~! in April and July. In the upper
branch the maximum values are consistently near 0.5 m s~ except in April when
its value drops to 0.3 m s~l. In the mid latitudes of the Northern Hemisphere
the maximum of the zonally-averaged meridional motion in the poleward branch
of the lower levels varies from 0.4 m s~! in July and October to 0.8 m s~! in
January, while in the higher levels the largest values of the equatorward |
motion are near -0.3 m s~ in all months excep: January when its value reaches

0.7 m .-lo

b. Isentropic mass circulations

Within isentropic coordinates the hydrostatic mass distribution
;3;1,: is determined by the zonally-averaged pressure difference between two
isentropic surfaces. Figure 6 shows the meridional distribution of 33;“tt and
;3-t for January and July. Most of the tropospheric mass is confined between
290 K and 360 K in tropical latitudes and between 260 K and 320 K in the aid-
latitudes of the winter hemisphere. The convention that pressure on under-
ground {sentropes equals the surface pressure, used in the specification of

the mass distribution, results in decreasing values of pJe*ot in the lower

isentropic layers. Such a decrease is not necessarily an indication of a

. B e e e

=t




Q;.; . .chnngo in stability within the free atmosphere but reflects within the

| 1 :onaily-averaged distribution the mapping of longitudinal segments of the mass
within cold polar air masses in conjunction with the longitudinal segments of
zero mass where isentropes are contiguous with the earth's surface in wara
sectors of cyclone waves. The field of ;A,t is shown to aid in relating mean

iseuntropic and isodbaric structures.

With (5) and (9) the mean meridional motion in quasi-spherical

isentropic coordinates

W e — (11)

is expressed by

&> - — . (12)
ap o
1)

The mean geostrophic and ageostrophic components of the meridional motion are

At At At
v = &vgd 4 Kvggd> . (13)

Since ;;1 is identically zero, the mass-weighted, zonally-averaged geostro- :

phic component

ap “w
At 20 0 8 _
g> = - 14)
r*.t —-A.t
P I
20 Y
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existe in 1ccn£rop1c coordinates thruugh the covariance of the -nosw(an )
inverse static stability measure) and the meridional geostrophic motion. The
isobaric counterpart to this mode is identically zero.

Some physical insight into mean meridional motion within the isen-
tropic structure 1s provided by Johnson (1979) through contrasting the struc-
ture of steady and amplifying mid-latitude baroclinic waves.

In the schematic of the horizontal distribution of geopotential nhd
potential temperature of the steady bdaroclinic wave (Figure 7a), the geopoten-
tial aﬁd temperature waves are assumed to be in phase. Within the zonal ver-
tical cross-section of a layer extending from a lower isentropic surface 6y to
an upper isentropic surface 6,, a midvalue isentropic surface 0, (e.g.,
6q = 290 K) divides the hypothetical atmosphere into two regions. In the
cross-gection, the dotted vertical lines designate trough and ridge positions
that separate regions of poleward and equatorward geostrophic motion.

With a vertical scale linear in pressure, the relative position of
the isentrope shows the greater mass (g~! (3p/26) d6) in the layer between 0g
and 8, to be positioned in the trough and lesser mass to be located in the
ridge. The reverse mass distribution occcurs in the layer above Op. With the
in-~phase relation of the potential temperature and geopotential fields, the
isentropic mass transport pJgv is symmetric about the trough line within each
layer. The bolewatd mass transport by the geostrophic mode forward of the
trouih is exactly balanced by equatorward transport to the rear of the trough.
Thus the sean ameridional 3o§c:roph1c mass transport vanishes within each
layer.

In the traditionsl model (Charney, 19&7; Rady, 1949) of an amplifying

baroclinic wave (Figure 8a), the potential temperature wave is assused to lag

the geopotential wave by a phase angle 90°. 1In the zonal cross-section, this
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lag of potential temperature 1htroduceo a westward tilt of the baroclinie
wave., A systematic structure results which provides for poleward geostrophic
mass transport above 290 K and an equatorward mass transport below 290 K.
Poleward motion ahead of the trough and above 290 K is located within s deeper
layer of mass than in the rear of the trough with its equatorward motion.
Beneath 290 K the reverse occurs with more mass moving equatorward in the rear
of the tr&ugh than ahead of the trough. Consequently, the mean geostrophic
mags transport of active baroclinic waves within this two-layered structure is
poleward above 290 K and equatorward below 290 K. Thus the components of geo-
strophic mass transport provide a degree of freedom for poleward and equator~-
ward branches of a meridional circulation in the isentropic zonally-~averaged
structure that do not exist within the isobaric structure. Some aspects of
the degrees of freedom for the mean mass transport within azimuthally-averaged
motion of vortices are discussed by Johnson and Downey (1975 a and b)e In
this application to the circumpolar vortex, azimuthal averaging corresponds to
gonal averaging and divergent and non-divergent modes correspond to ageo-
strophic and geostrophic modes, respectively, since the coriolis parameter is
independent of longitude.

The isentropic mass stream function as a function of ¢ and 6 1is
defined by

¥6(4,8) = 2va cos ¢ plghst <vdAst do . (15)

Dy D

where 03 is the minimum isentropic level of the time averaging period. As in

{isobaric coordinates the isentropic mass circulations are balaaced so that
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0°(¢,OT) is zero for any ¢ and er equal to the top level of the isentropic
data. This adjustment equates to corrections in <vDAst gimilar in magnitude
to that of VA»t discussed previously.

The isentropic mean meridional circulation in January (Fig. 2)
reveals a large Hadley-type circulation extending throughout the entire
Northern Hemisphere to 15°S. The vertical branches forced by planetary scale

heat sources and sinks show mean upward diabatic mass transport in tropical

latitudes and downward mass transport in polar latitudes. fhe poleward branch

linking tropical and polar latitudes within this mass circulation is located
primarily between the 310 K and 360 K surfaces in low latitudes with the maxi-
mun meridional motion (<v>Xst) being slightly greater than 1.0 m s~ near

350 K in the 0°-5°N region. 1In higher latitudes this branch is located within
the 290 K to 320 K isentropic layer where <v>)>t reaches a value of 1.2 m s~l.
The equatorward branch of the Hadley~-type circulation extends from Northern
Hemisphere polar latitudes to the tropical regions of the Southern Hemisphere
and lies beneath the poleward branch. This branch is displaced upward to
higher isentropic layers in lower latitudes due in part to energy sources
through sensible heat transfer from the ocean to the atmosphere. Implicit ia
the tilt of the quasi-horizontal branches of thcs§ mass circulations is some
thermal forcing of the upward and downward mass transport occurring during
meridional exchange.

The geostrophic mass stream function cumruted by substitutiag (v.)‘ot
for <v> st {n (15) 1s shown poleward of 10° in each hemisphere im each of the
figures. The mean mode of geostrophic mass transport is confined primarily to
extratropical latitudes and is embedded within the structure of baroecliaic
waves. Tigure 2 shows a strong, direct geostrophic mass circulatiom in the
Northern Hemisphere winter while the geostrophic circulation of the Southewa
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nanipphet. is much weaker. Typical values of <vg>*st range from 1.5 to

1.8 m s~! 1n the poleward branch of the northern circulation. The forcing of
the geostrophic wode of poleward and equatorward meridional mass transport
occurs primarily through respective negative and positive pressurs torques
(Johnson and Downey, 1975b; Gallimore and Johnson, 1977), within upper and
lower branches of the mass circulation in mid-latitudes.

The ageostrophic component of‘the isentropic mass circulations in
Figure 2, computed with <v.8>1ot in (15), reveals a direct Hadley circulation
in low latitudes and an indirect Ferrel circuletion in mid-latitudes. A
comparison of the ageostrophic mass circulations in isobaric (in isodbaric
coordinates v*st ig identical with ;:;X,t) and igsentropic coordinates shows
the remarkable siamflarity in both the position and intensity for each of the
Hadley and Ferrel cells. The mean ageostrophic meridional velocities in tﬁe
upper and lower branches of the low latitude Hadley cell are 1.3 m s~! and
-1.3 m 8”1, respectively, which are close to the corresponding isobaric values
of Vst (1.4 m s*! and -1.2 n s~1) presented earlier. The respective maximum
values of <v.‘>1ot in the equatorward and poleward branches of the Northern
Hemisphere isentropic Perrel circulations are =0.7 m s~! and 0.9 m s~l. These
values also compare favorably with those given for the corresponding isobaric
Ferrel circulation (=0.7 m s~! and 0.8 m s~1). Comparison of the mean
ageostrophic meridional velocities in isentropic and isobaric coordinates
yields similar results for the Southern Hemisphere Ferrel cell.

The seasonal variation of the isentropic mass circulations is evident
in Pigures 2, 3, 4 and 5. In April and October the isentropic Hadley-type
circulations span both the Northern and Southern Hemispheres. The geostrophic
node dominates in extratropical latitudes. In July the strong Hadley-type
eirculation that extends from the high southern latitudes to near 20°N is ta

e AUty e e e GG EPRIT 3
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part associated with the Asiatic summer monsoon. Its Northern Hemisphere
counterpart in July 1is weak. During all months the isentropic ageostrophic
circulations display patterns similar to the isobaric low-latitude Hadley and
mid-latitude Perrel circulations. The similarity of isentropic and isobarie
ageostrophic mass circulations in atmospheric domains with mass structures
that tend to be symmetric about the axis of rotation is to be expected from
the analysis of Johnson and Downey (1975) since the geostrophic mode of mass
transport would tend to vanish. Such 1s the case in tropical latitudes. The
similarity of the ageostroph;c modes in domains with longitudinal variations
of mass could not be isolated in the earlier analysis since fin {sentropic
coordinates a degree of freedom exists for differences associated with the
statistic (5333’;:;71 + This statistic vanishes 1if the zonal variations of
mass and ageostrophic meridional motion are not correlated. Although this has
not been ascertained in the preliminary analyses, the remarkable similarity of
the fsobaric and isentropic mean meridional ageostrophic motion suggests that
the covariance is minimal. Given the relatively large value of mean sgeo—
strophic meridional motion in comparison with the mean geostrophic motion

in feentropic coordinates, it is not readily apparent that the Ferrel circu-
lation can be viewed as a secondary circulation within the zonally-averaged
structure.

4. Meridional distribution of diabatic heating

The poleward and equatorward branches of the isentropic mean Hadley-
type meridional circulations link vertical branches associated with planetary
scale hesat sources and sinks. Implicit in these mass circulations is the

thermal forcing of upward and downward mass trﬁnlport through atmospheric

stratification by differential diabatic heating. Through the continuity rela-
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tionship the meridional and vertical distribution of the mean disbatic heating
. can be determined indirectly from the meridional inoa transport.
Diabatic heating is computed in the coordinate system (), a sin ¢, 0)

in order to express the zonally-integrated structure by equal incremental vol-

umes and equalize the uncertainty. Thus the inferred heating rates become

mass-weighted, time and zonal averages representing equal areal increments of
the atmosphere. For simplicity these values are referred to as zonally-

averaged diabatic heating.

Mass-weighted, zonally-averaged distributions of total diabatic
heating for four months of FGGE are shown in Figure 9. In January the heating
maximun that is undoubtedly associated with the moist convection of the
Intertropical Convergence Zone (ITCZ) is captured quite nicely near 15°S with
values of near 1.0 K day‘1 at 330 K. An important secondary heat source
appears in middle latitudes in association with sensible and latent energy
added within mid-latitude cyclonic circulations. The heating of near
2.0 K day"1 that occurs in the lowest isentropic layers is in all probability
assocliated with the strong sensible heat transfer from the ocean to the atmos-
phere eastward of the Asian and North American continents. Downward mass
transport of the higher latitudes and the higher layers is associated with the
3 excess of loss of energy through emission of long wave radiation over other
| processes of heat addition. The cooling in polar regions exceeds -1.0 X day™!1
in the northern polar region.

Seasonal variations in the location and strength of the large scale
heat sources and sinks are evident from the profiles in Figure 9. Heating of
the tropics and the lower layers of the northern mid-latitudes persists iu'

; April and October. Consistent with the intense mass circulation of July is

the strong net diabatic heating in the Rorthern ﬂ.lilph;r. tropics and net

[ ymaves
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eool;n; in the Southern Hemisphere tropics. With the latent heating of the
ITCZ, particularly the summer Asian Monsoon in the Northern Hemisphere,
sonally~-averaged heating of over 1.0 K day'l occurs throughout a deep layer
from 310 K to 330 K near 10°N. Th§ tropical region of éhc Southern Hemisphere
is dominated by diabatic cooling which must be attributable to strong infrared
radiation efission and also possibly evnpérative processes assoclated with the
extensive clouds that are adyected from adjacent regions of the deep convec-
tion aesoclated with the monsoon. Loss of energy through infrared radiation
is naxinizéd in these regions through the combinatfon of a dry troposphere
overlying a warm, moist and partially cloudy lower atmosphere beneath the
trade wind inversion, ‘

Meridional profiles of vertically and zonally-averaged total diabatic
heating are presented in Figure 10. The vertical averages in Figure 10 are
mass-weighted and take into account heating or cooling over a variable depth
of the atmosphere determined by the isentropic mass distribution (e.g.,

Fig. 6). These profiles primarily reflect the latitudinal distribution of the
dominant features and physical processes emphasized in the preceding discus-
sion. As expected the maximum of heating in tropical latitudes shifts
seasonally and is largest in the Northern Hemisphere tropics of its summer
season. The heating maximum in mid-latitudes is most pronounced and organized
in January and April. During July and October mid-latitude heating is com~
posed of two relatively smaller but distinct maximums. Such features are much
less pronounced in the Southern Hemisphere mid-latitudes due in part to the
lack of a continent-ocean contrast within the westerlies that provides for the

oceanic latent and sensible energy supply through frequent™cold outbreaks over

relatively wara oceans.




S. Angular momentum balance

f a. Isobaric coordinates o |

The zonal wind profiles u*st and the averaged meridional transport of
relative angular momentum during FGGE are also similar to previous results
(Lorenz, 1967; Oort and Rasmusson, 1970; and others). The time and zonally-
averaged u-component for January and July is presented in Figure ll. In Janu-
{ . ary strong westerlies dominate both hemispheres with wesk tropical easterlies

i in the lower troposphere. In July the Southern Hemisphere westerlies are

| stronger and display two maxima: one at 30°S near 200 md and the other near
60°S above 100 wb. Easterly winds dominate the tropical latitudes while the

westerlies in northern latitudes are substantially weaker in July.

g S

The trausport of relative angular momentum across a latitude ¢

is given by

2v a2 cos? ¢ Py

Pple) = - uvAst dp . (16)

Pefec

i " The transport in (16) is also partitioned into the three components

e
Wit = gt WA,t 4 ut’A v +utyt » an

representing the transport by the mean meridional circulation, standing
eddies, and transient circulations, mpoc'unly. Tigures 12 and 13 display

the verticel and meridional distribution of relative angular womentum trans-
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port for January and July. Vertically-integrated profiles of isobaric angular
momentum transport are shown in Figure 14,

In isobaric coordinates the transient component is the dominant mode
of angular momentum tramsport in January. It is poleward at virtually all
latitudes in each hemisphere. The standing eddy transport is significant in
northern subtropical and middle latitudes while the mean meridional transport
by the Hadley cell is important in low latitudes only. Angular momentum
transport in July reveals a similar picture. Poleward transport by ttapzient
and mean meridional circulations dominates the middle and low latitudes,
respectively, of the Southern Hemisphere. The lack of a land-ocean contrast
in the extratropical latitudes of the Southern Hemisphere appears to restrict

transport by the standing eddies to a relatively minor role.
b. Isentropic coordinates

In contraotins.the results from isobaric and isentropic analyses, it
is important to realize that the vertically-integrated transport of an atmos-
pheric property across a latitudinal boundary of the circumpolar vortex must
remain i{nveziant with respect to different coordinate systems. However, the
mean and eddy transport modes within a vortex with zonal asymmetries are coor-
dinate dependent (Johnson and Downey, 1975a). Conceptually, an isentropic mean
meridional circulation spanning the hemisphere could provide the required
poleward angular momentum transport. Before addressing this point, it is
interesting to contrast the zonally-averaged wvelocity and momentum structures
of isobaric and fsentropic coordinates.

The isentropic structure of the average gzonal wind <ud*st for Jamuary

and July are presented in part of Figure 13. Its structure is similar to its

isobaric counterpart in Figure 11. The comparison is limited only by the




vertical extent of the isentropic data. The isentropic structure of the
sonally-averaged momentum component (pJgu*st or pJgrst <udrst) ghown in part
of Figure 15 presents an interesting contrast with the average zonal wind.
Distinct momentum cores appear in the isentropic structure for January and
July, This lstter momentua distribution (}ﬁ?‘vt <udrst) reflects the larger
mass located in the middle isentropic layers and lesser mass in lower and
higher isentropic layers.

In isentropic coordinates the vertically-integrated transport of

re_ative angular momentum across a latitude ¢ 1is expressed by

oy __
Pe(¢) = 2o a? cos? ¢ f pJexot Cuvdr st de (18)
%3

and seowm in Figure 14 for comparison with the isobaric results.

Similar te (17) the transport in (18) partitioned into

® ® * &
Gt & Gt (DAt 4 udt A edt AL 4 <u By Bt (19)

represents transport by mean meridional, standing eddy, and transient circu-~
lations. The vertical and meridional distribution of relative angular
somentum transport by the three components is given for January and July in
Pigures 16 and 17,

The vertically-integrated total transport of relative angular momen—-
tum for January in Figure 14 {s virtually fdentical in isentropic and isobariec
coordinates. In addition vertically-integrated transport by the standing
eddies 1is nearly the same in both coordinate systems. Msan engular wmomentum
traasport by the isentropic, heamispheric Hadley-type circulation 1is poleward

at all northern latitudes, while the mean poleward transport is confined to
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diabatic heating, i.e., a thermally~forced component. This thermally-forced
component of angular momentum transport; isolated through the use of isen-
tropic diagnostics, is apparently linked to the transient component of angular
momentum transport in isobaric coordinates within the phenomena of active
baroclinic waves.

Johnson and Downey (1975a) emphasize that statistical partitioning of
transport processes in isobaric and isentropic coordinates may yield different
results for the component modes of transport due to inherent symmetric or
asymmetric structures of the mass distribution within the respective coordi-
nate systems. The differences in the statistics presented in these results
substantiate that mean and eddy transport modes are coordinate dependent.
These differences do not stem from a non—-uniqueness of atmospheric structure
but emerge from a non-uniqueness of statistics computed in different coordi-
nate systems, i.e., the mean and deviation of physical variables and processes
are determined from integration-over portions of the atmosphere in one coordi-
nate system which are not identical with the counterpart in the zonally-
averaged structure of another coordinate system.

6. Forcing of mean meridional circulations

The forcing of mean meridional circulations within the ¢itcumpolar
vortex has been isolated through the application of Eliassen's perspective.
Eliassen (1951) shows that in a hydrodynamically stable vortex a heat source
(sink) forces motion upward (downward) through isentropic stratification along
a surface of constant absolute angular momentunm toward lower (higher) pressure

and a source (sink) of angular momentum or a positive (negative) torque forces

motion along an isentropic surface away from (towards) the axis of rotation.
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Kuo (1956) demonstrated that the existence of the Hadley and Ferrel circula-~
tions ia isobaric coordinates can be explained only by considering the conver-

gence (divergence) of the large-scale eddy transport of sensible heat and

angular momentum as sources (sinks) of heat and angular momentum, respec-

tively.

The results of a mean, Hadley-type meridional circulation in isentro-
pic coordinates elucidates the dominance of a mean geostrophic mode of mass
transport in mid-latitudes and an ageostrophic mode in low latitudes. The
mean geostrophic circulation is explicitlv related to pressure torques. Pole-
ward geostrophic mass transport within a vortex occurs in conjunction with
negative pressure torques, while equatorward geostrophic mass transport occurs
with positive pressure torques. Over a uniform earth surface the sum of the
negative torques must be equal and opposite to the sum of the positive pres-
sure torques. At the same time angular momentum is transferred from the
branch of a circulatfon with poleward geostrophic motion to the branch with
equatorward geostrophic motion through the isentropic stratification by the
action of pressure torques and pressure stresses (Johnson and Downey, 1975b;
Johnson, 1980). Within the asymmetric wave regime of extratropical latitudes
the mass-weighted zonally-averaged pressure gradient force yields a net nega-
tive torque in the upper isentropic layers and a net positive torque in lower
layers. In mid-latitudes the upper poleward branch of the mean meridional
circulation is forced by this negative pressure torque while the equatorward -
branch of lower isentropic layers is forced by the dominance of a positive
pressure torque over a negative friction torque (Gallimore and Johnson, 1977).
In low latitudes with its lack of geostrophy & positive friction torque asso-

ciated with the low level easterlies forces equatorward ageostrophic motion in
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lowe: layers that links with the equatorward geostrophic motion of mid-
latitudes. Divergence of the eddy transpoxt of angular momentum acts as a
negative torque in the upper isentropic layers of the subtropics and forces
ageostrophic poleward motion which links with the upper geostrophic branch of
mid-latitudes.

The vertical branches of the 1sentropic mean mass circulation are
forced explicitly by diabatic heating. Emission of long wave radiation in
polar regions forces downward mass transport while latent energy release asso-
ciated with moist convection forces upward mass transport im tropical regions.
The upward vertical branch of the mid-latitude mean geostrophic circulation is
forced by sensible heating in the boundary layer and latent heat release asso-
clated with extratropical cyclones. 1In isentropic coordinates the eddy trans-
port of heat is not an explicit forcing term since the mass-weighted zonally-
averaged tr;nsport of energy (sensible heat plus potential energy) in mid-
latitudes is acccmplished by the thermally-foried, mean meridional circula-
tion.

7. Summary

A diagnostic study of the mass, angular momentum, and energy balance
of the global circulation for the FGGE year has been initiated using the Level
1Ila data set generated by NMC. No attempt was made to assess the quality or
the impact of special FGGE data with respect to an objective analysis scheme.
Even with the increased amount of real time data available during FGGE, the
quantity of daa from the Southern Hemisphere is probably not adequate to
resolve the circulation features of the southern latitudes to a degree compa-
rable to the Northern Hemisphere. Until the Level IIIb data set is proc;ol.d.

the Level 1Ila fields are wmost likely the dest global analyses available. In
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addition, the FGGE Level IIIa data set provides a common base for a diagnostic

study of the global circulation in both isobaric and isentropic coordinates.

The preliminary rxesults presented in this paper are limited to mass
and angular momentum transport diagnostice of the time and zonally-averaged
circulation in isobaric and isentropic coordinates. A more extensive analysis
of the compf;te mass, momentum and energy balance of the global circulation is
in progres . From the results to date the contrast of energy (sensible heat
plus potenZIal energy) transport confirms the importance of both mean and eddy
transport modes in isobaric coordinates while revealing that the mean mode of
energy transport within the zonally-averaged isentropic structure is of pri-
mary lmportance.

Recoguizing the added dimensions for views of the balance of the gen-
eral circulation provided by a time-averaged circulation mean and transient
decomposition of transport processes (Blackmon et al., 1977; Lau, 1978; Lau
et al., 1978), time-averaged isobaric and isentropic statistics have also been
coaputed and anaiyses have been initiated. Preliminary diagnostic results of
three~dimensional, time-averaged mass circulations in isentropic coordinates
are presented in a companion paper by Johnson and Townsend (1980). Future
work will focus on resolving the three~dimensional structure of standing and
transient modes of transport within the isentropic framework.

. Diagnostics of the mass and angular momentum balance of the time and
zonally-averaged global circulation for the FGGE year support the curreat
perspective of the general circulation in {isobaric coordinates. The isobaric
sean meridional circulations include low latitude Hadley and mid-latitude
Ferrel circulations forced in part by'thc addy transport of heat and angular
momentun. The required poleward transport of angular momentua is provided

primarily by a mean meridional circulation in low latitudes and transient and




G e et e

. ) 28

standing eddy circulatfions in middle latitudes. These diagnostics reinforce
the perspective that active baroclinic waves are the dominant tramsport mech-
snism in extratropical latitudes of the zonally-averaged circulation.

The perspective of the forcing and maintenance of the zonally~
averaged circumpolar vortex evolving within an isentropic framework is funds-
mentally different. The zonally-averaged diabatic heating diutribuﬁion calcu~
lated from the isentropic mean meridional circulation reveals realistic sea-
sonal variations in the strength and location of heat sources and sinks of the
gonally-averaged atmosphere. Isentropic mean mass circulations explicitly
1ink planetary scale heat sources and sinks and display a scale of atmospheric
response that is directly determined by the scale of thernod}nnnic forcing.
The mean geostrophic mode of mass transport occurring within the wave regime
1s a component of the response to large scale differential heating. Thus
active baroclinic waves which reveal mean geostrophic transport of mass and
energy as primary transport modes become a phenomena of response directly
linked with differential heating. The strength of the isentropic mass
circulation, the intensity of the circumpolar vortex, and the degree of
differential heating are all explicitly related in isentropic coordinates.

The diagnostic results of angular momentum transport in iseantropic
coordinates show that transport by the isentropic mean meridional circulation
is also important in both middle and low latitudes and coabines with standing
eddy and traﬁsient modes to provide the observed balance. Zonally- and
vertically-integrated angular momentuam transport profiles suggest that angular
momentua transport by the transient mode in isobaric coordinates in middle
latitudes is linked 63 angular momentum transport by both thermally-forced,

sean meridional and transient modes in isentropic coordinates within the

structurs of asplifying mid-latitude baroclinic waves. The results verify
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that the role of mean and eddy transport modes is coordinate dependent.
Within the isentropic framework the relative modes of transport of angular
momentum also differ between Northern and Southern Hemispheres. The isen-
tropic structure of mean meridional and transient transport of angular momen-
tum has not been completely resolved and requires further investigation.
Angular momentum balance is achieved through a combination of processes which
entail global scale thermally-forced transport processes, boundary conditions
and non-linear interaction within the baroclinic wave domain of middle lati~-
tudes. Insight into interaction of mid-latitude baroclinic waves with embed-
ded transient extratropical cyclones and larger scale transport processes
remains a challenge within the isentropic perspective of the forcing and

saintenance of the circumpolar vortex.
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/ ‘ Figure legends

Figure 1. Schematic of closed differential tube of cross-sectional
) area dédn.

Figure 2. Mass stream function for the isobaric and 1sentr6pic mean
meridional circulations for January 1979 (units, 10!0 kg s-1).
Arrows indicate the direction of the circulation.

Figure 3. [ Mags stream function for the isobaric and isentropic mean
meridional circulations for April 1979 (units, 10!0 kg s-1).
Arrows indicate the direction of the circulatiom.

Figure 4./ Mass stream function for the isobaric and isenttogic mean
) meridional circulations for July 1979 (units, 10! kg s-1).
/ Arrows indicate the direction of the circulation.

Figure 5. Mass stream function for the isobaric and isentropic mean
meridional circulations for October 1979 (units, 1010 kg s).
Arrows indicate the direction of the circulation.

Fiqure 6. Meridional cross-sections of time and zonally-averaged pressure
on an isentropic surface for January(a) and July(b) of 1979
(units, 102 mb) and time and zonally-averaged hydrostatic mass
distribution (536) for January(c) and July(d) of 1979 (units,
10 xg @2 k-1).

Figure 7. Schematics of horizontal (1,¢) and vertical (A,p) distributions
of geopotential and potential temperature within a steady
baroclinic wave. In the zonal, vertical cross-section the dashed
lines designate trough and ridge positions which separate regions
of poleward and equatorward geostrophic motion within two
igsentropic layers. The: layer in 7b extends from a lower isentrope
0, to an intermediate isentrope 0_ to an upper isentrope 8
(figute after Johnson, 1979). » u

s

Figure 8. Schematic of amplifying baroclinic wave, see legend of Figure 7
for structural details (figure after Johnson, 1979), :

Figure 9. Meridional cross-sections of mass~weighted, time and zonally-
averaged diabatic huti.nf for January, April, July, and October
1979 (units, 10~! K day-').

Figure 10. Mass-weighted vertical average of time and sonally-averaged
diabatic heating for January, April, July, and October 1979
(units, K day-!).

Figure 11, Meridional cross-sections of time and longitudinally-averaged
sonal wind component (i) in isobaric coordinates for January and
July 1979 (units, = s-1),
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12,

13.

14,

15.

16.

17.

Meridional cross-sections of the total, mean meridional, standing
eddy, and transient transport of relative angular momentum in
isobaric coordinates for January 1979 (units, 10 16 kg m2 s~2 mb~1).

Meridional cross-sections of the total, mean meridional, standing
eddy, and transient transport of relative angular momentum in
isobaric coordinates for July 1979 (units, 1016 kg m? mb-1).

Meridional profiles of vertically integrated transport of total
relative angular momentum and its component parts for January and
July 1979 in isobaric coordinates(a and b) and 1isentropic
coordinates(c and d) (units, 10!° kg m? s-2).

Meridional cross-sections of mass-weighted, time and longitudinally-
averaged zonal wind component, B, (a and b) in isentropic coordinates
(units, m s~!) and time and longitudinally-averaged momentum,

pJ.u, (c and d) in 1sentropic coordinates for January and July 1979

udtte, 102 (kg m s~1) m~2 K-1).

Meridional cross-sections of the total, mean meridional, standing
eddy, and transient transport of relative angular moment in ,
isentropic coordinates for January 1979 (units, 10!7 kg m? s-2 k-1,

Meridional cross-sections of the total, mean meridional, standing
eddy, and transient transport of relative angular momentum in
isentropic coordinates for July 1979 (units, 107 kg m? s=2 K-1),
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Figure 1. Schematic of closed differential tube of cross-sectiomal
area dédn. )
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Figure 7. Schematics of horizontal (A,¢) and vertical (A,p)
distributions of geopotential and potential temperature within a
steady baroclinic wave. 1In the zonal, vertical cross-secticn the
dashed lines designate trough and ridge positions which separate
regions of poleward and equatorward geostrophic motion within two
isentropic layers. The layer in 7b extends from a lower isentrope 6
to an intermediate isentrope ©6_ to an upper isentrope 6  (Figure
after Johnson, 1979). " v
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Figure 8. Schematic of amplifying baroclinic wave, see legend of
Figure 7 for structural details (Figure after Johnson, 1979).
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Figure 11. Meridional cross-sections of time and longitudinally- '

averaged zonal wind component () in isobaric coordinates for
January and July 1979 (units, m s-1).
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